Introduction
The photosynthesis power plant converts the radiant energy of light into electrochemical energy, ultimately used to reduce atmospheric CO2 into C3 intermediates, then C6compounds, serving as the building blocks for all organic molecules found in plants. These energy rich stocks are much more easily broken down for food or burned off as thermal energy than they are synthesized. We know a lot about the molecular processes of photosynthesis primary energy conversion, involving a series of transmembrane proteinsencompassing light harvesting complexes, photosystems, cytochrome b6f complex and adenosine triphosphate (ATP) synthase. In the last 10-20 years, with the flourishing of molecular genetics, a few additional players have come into play that intriguingly are as important as the primary reactions, because they allow plants to endure fluctuating conditions in the wild. These are often referred to as 'alternative electron transport pathways', and play an indispensable regulatory role for photosynthesis.
Photosynthetic organisms use alternative electron transport to respond rapidly to changes to their environment. The general consensus is that these pathways balance photosynthetic electron transfer so that light energy, converted in the form of ATP and nicotinamide adenine dinucleotide (phosphate) (NADPH), is optimally used for CO2 fixation or safely dissipated as heat. If, for instance, the electron carriers become over-reduced, O2 can replace CO2 as a terminal electron acceptor, creating reactive oxygen species (ROS). Over longer time frames, alternative pathways are a resource to acclimate to a variety of physiological conditions while their activity also limits the potential of photosynthetic yields [1] . They can also play moonlighting roles in non-green tissues, catalyzing essential redox reactions [2] . To be comprehensive, we chose to provide information on the whole spectrum of pathways that have been identified, studied and recently reported in the literature but we focus here only on the contribution of alternative pathways to the regulation of the light photosynthetic reactions. Figure 1 provides a 'beginners guide' to these pathways with the most salient points about the proteins involved and how they are currently recognized to function. Our purpose is to show how these pathways interconnect and we describe this as a bioprocess-engineering problem in Figure 2 . Recent improvements in whole systems techniques are starting to help explain the redundancy and relatedness of these pathways (see Box 1). Figure 2 . We invite the reader to explore the review(s) suggested for each of these pathways for a more complete overview [5, 13, 27, 35, 46, 49, 55, 62, 80, 81] in Figure 2 ) is used for this valve acting on both electron and proton flow. ATPsynthase conductivity, which is redox controlled and responds to ADP availability and pmf, is also but it becomes saturated in high light [36, 37] . The rice Ostpt1 mutant is unable to sustain such a compensatory pathway and has a stunted growth phenotype at all light regimes [38] . The balance of phosphorylated sugars inside and outside the chloroplast has a regulatory role in acclimation [39] : arresting either chloroplast export of triose-P in tpt mutants or translocation of glucose-6-phosphate (via GPT2) into the chloroplast in gpt2 mutants and are both associated with a defective acclimation response. This is observed at the transcriptional and metabolic level resulting in an inability to upregulate photosynthetic electron transfer when transferred to high light [36, 37, 39] .
NADPH dehydrogenase (NDH1) is a multi-subunit complex resembling the mitochondrialcomplex I. Compelling evidence shows that despite its name and its evolutionary origin it oxidizes ferredoxin rather than NADPH and uses plastoquinone (PQ) as an electron acceptor [40] . There is evidence that its role would be rather in cyclic electron flow and steady state redox poising in low light in C3 species [41] and its high accumulation and complementarity to proton gradient regulation 5/like 1 (PGR5/PGRL1) is supported in C4 species [42] [43] [44] [45] . NDH1 pathway would be minor under high light conditions in C3 plantswhere the PGR5 pathway would be dominant [46] . Carbon concentrating mechanisms (CCM) are present in both C4 plants as well as algae via different mechanisms that require extra ATP per CO2 fixed. In Chlamydomonas a clear correlation is found between assimilation of air levels of CO2 and cyclic electron flow [53] .
Less defined grana stacks are observed as constitutive traits both in Chlamydomonas and in bundle sheath cells of some C4 plants favoring increased rates of cyclic electron flow [54] .
Interestingly, bundle sheath cells accumulate high levels of both NDH and PGR5 proteins [42] [43] [44] [45] .
In the absence of CCM or C4 structure the oxygenase activity of RuBisCO becomes nonnegligible. Photorespiration involves metabolic reactions in the chloroplast, peroxisomeand mitochondrion that represent an integrated network involving carbon and nitrogen metabolism to maintain the CBB cycle active [55] . It can be seen as a photosynthetic valve essential under drought stress [27] that would act at the metabolic level [56] and transcriptional level, with recent data suggesting metabolites produced by photorespiration act in a signaling pathway regulating stomatal opening [57] . At the metabolic level, photorespiration is highly while under high light, CEF contribution makes up the ATP demand [61] .
The chloroplast counterpart of AOX is plastid terminal oxidase (PTOX) , bound to the thylakoid membrane, oxidizing PQH2 and reducing O2 to H2O [62] . In the dark activity of type-2 NDH to reduce plastoquinone at the expense of NADPH poises the pool by a mechanism known as chlororespiration [62] . In the light, PTOX would serve as a valve for oxidizing the PQ pool, maintaining PSII active and potentially contributing to pmf by H + release in the lumen from water splitting [63, 64] . To accept electrons from PSII without overproduction of ROS, PTOX would have to be localized within PSII microdomains accessible to quinone diffusion, that is, grana stacks or margins [65, 66] . Although, PTOX seemed to be addressed to the lamellae in non-stressed Arabidopsis plants [67] , recent studies suggest a control by stromal pH that may allow PTOX conditional access to plastoquinols [68] . Lodgepole pine uses PTOX and FLV proteins as the major O2photoreduction pathways during acclimation to cold to generate ΔpH for NPQ [69] . PTOX activity can enhance cyclic electron flow in PTOX overexpressor mutants by oxidizing PQH2thereby providing PQ as an electron acceptor for ferredoxin [65, 70] . In cold stressed tropical plants where PSII is photoinhibited, an upregulation of PTOX and PGR5 is observed, providing some physiological relevance to the interplay between these pathways [71] .
Conclusions
The study of photosynthesis identified pathways that were auxiliary to linear electron flow.
However, the molecular identification of these pathways came from diverse methods and sometimes occurred in an unexpected manner: ferredoxin-mediated cyclic photophosphorylation (CEF) was identified in isolated spinach thylakoids [72] , NDH1 was identified from sequencing of the Tobacco chloroplast genome [73] , pgr5 from a chlorophyll fluorescence screen in Arabidopsis [74] , PTOX was found in ghost mutants of tomato [75, 76] .
Whole genome sequencing of members of the green lineage outside the angiosperms identified the FLV proteins by homology with cyanobacterial FLVs [77] . Similar genetic lesions can cause very different phenotypic traits in different organisms, for example, an absence of PTOX was found to result in colorless tomatoes or variegated Arabidopsis leaves [76, 78, 79] , a finding that expanded the alternative pathways reach to developmental processes. The diversity of these observations has enriched our knowledge on the ins and outs of the alternative pathways in a large panel of photosynthetic organisms. Nonetheless, it should not distract us from the similarities that have been shown to exist at the molecular level. The real challenge now is to devise a combination of quantitative and physiological approaches to place each of these pathways back into the integrated network of plant metabolism and to decipher their roles in response to environmental cues.
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